In a previous paper [hep-th/0012251] we proposed a simple class of actions for string field theory around the tachyon vacuum. In this paper we search for classical solutions describing D-branes of different dimensions using the ansatz that the solutions factorize into the direct product of a matter state and a universal ghost state. We find closed form expressions for the matter state describing D-branes of all dimensions. For the space filling D25-brane the state is the matter part of the zero angle wedge state, the "sliver", built in [hep-th/0006240]. For the other D-brane solutions the matter states are constructed using a solution generating technique outlined in [hep-th/0008252]. The ratios of tensions of various D-branes, requiring evaluation of determinants of infinite dimensional matrices, are calculated numerically and are in very good agreement with the known results.
Introduction and summary
Cubic open string field theory [1] has turned out to be a powerful tool in studying various conjectures [2, 3] about tachyon condensation on bosonic D-branes [4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21] . One aspect of the tachyon conjectures that remains to be confirmed is the expected absence of physical open string excitations around the tachyon vacuum. In a previous paper we proposed that a simple class of cubic actions represent string field theory built upon the tachyon vacuum [22] . As opposed to the conventional cubic SFT where the kinetic operator is the BRST operator Q B , here the kinetic operator Q is non-dynamical and is built solely out of worldsheet ghost fields.
2
In this class of actions the absence of physical open string states around the vacuum is manifest. Gauge invariance holds in this class of actions, and therefore basic consistency requirements are expected to be satisfied.
One major confirmation of the physical correctness of the proposed actions would be the construction of classical solutions which describe the known D-brane configurations.
An indirect argument for the existence of these solutions was given in [22] where it was also shown that under certain assumptions the proposed action reproduces in a rather nontrivial fashion the correct ratios of tensions of D-branes of different dimensions.
In this paper we give a direct construction of the classical solutions representing various D-branes and verify that the ratios of their tensions agree with the known answer. We use an ansatz where the solution Ψ representing a D-brane has a factorized form Ψ m ⊗ Ψ g , with Ψ m and Ψ g being string fields built solely out of matter and ghost operators respectively.
3 Such factorized form is clearly compatible with the structure of the relevant string field equation since the kinetic operator Q does not mix matter and ghost sectors, 4 and moreover, as is familiar, the star product also factors into the matter and ghost sectors. More explicitly, given string fields A = A m ⊗ A g and B = B m ⊗ B g , we have A * B = (A m * m B m ) ⊗ (A g * g B g ), where * m and * g denote multiplication rules in the matter and ghost sectors respectively. While the matter factor Ψ m is clearly different for the various D-branes, we assume that the ghost factor Ψ g is common to all the D-branes.
With this ansatz, and the specific form of the action proposed in [22] , the string field theory equations of motion QΨ + Ψ * Ψ = 0 factorizes into a matter part and a ghost part, with the matter part yielding the equation Ψ m * m Ψ m = Ψ m . We now ask how we can find solutions of this equation. In fact, any solution of Ψ * Ψ = Ψ where the ghost number zero field Ψ factors as Ψ m ⊗ Ψ g provides a solution of Ψ m * m Ψ m = Ψ m . There are at least two known translationally invariant solutions of Ψ * Ψ = Ψ. One solution is provided by the identity string field I, and the second is provided by the "sliver", the zero angle wedge state Ξ constructed in [10] . This state was constructed in background independent language; it only requires the total Virasoro operators of the full matter and ghost CFT. For reasons which will become clear later, we identify the matter part Ξ m of the sliver, with suitable normalization, as the matter part of the solution describing the D25-brane. More recently, Kostelecky and Potting [16] investigated solutions of the equation Ψ m * m Ψ m = Ψ m by using an explicit representation of the * -product in terms of Neumann coefficients for free (matter) scalars. In addition to the matter part of the identity I, they found one nontrivial solution T m . Thus it is natural to ask: what is the relationship between the matter component Ξ m of the sliver and the state T m found in ref. [16] ? We study this question using the level truncation scheme, and find very good evidence that the two states are really the same. Thus we can use either description for representing the D-25-brane. Our understanding of the sliver Ξ m shows that the solution describing the D25-brane belongs to the universal subspace of the state space [24] , the space generated by the action of matter Virasoro generators and ghost oscillators on the SL(2,R) invariant vacuum. Furthermore, the sliver string field Ξ m provides a "simple closed-form" solution for the matter factor representing the D25-brane in the SFT of [22] . By "closed form" we mean that the operational definition of Ξ m is explicit. Even more, its geometrical meaning is clear. By "simple" we mean that the exact calculation of Ξ m to any given level requires only a finite number of operations. 5 We then use the observations of [16] to construct the string field Ψ m describing a lower dimensional D-brane starting from the expression for the matter string field representing the space filling D25 brane. The key point noted there is that the properties satisfied by the matter Neumann coefficients V rs mn (m, n ≥ 1) that guarantee the existence of the translational invariant solution are also satisfied by the extended Neumann coefficients V ′rs mn (m, n ≥ 0) defined by Gross and Jevicki [25] by adding a new pair of oscillators to represent the center of mass position and momentum operators. Thus the same method used for generating translational invariant solution can be used to generate lump solutions. In implementing this procedure one requires the background dependent description T m of the D25 string field as a function of matter Neumann coefficients. We carry out the construction thus obtaining "closed-form" expressions for the matter string fields representing lower dimensional branes. The ratio of tensions of these D-branes has an analytic expression in terms of the Neumann coefficients, but explicit computation of this ratio involves evaluating determinants of infinite dimensional matrices. We calculate this ratio in the level truncation using the known expression for the Neumann coefficients. While the convergence to the answer is relatively slow as a function of the level L, the relative simplicity of our expressions allows numerical computations up to levels of the order of several thousands! A fit of the data obtained at various levels suggests that corrections vanish as inverse powers of ln(L). The numerical results at large values of L as well as an extrapolation of these results to L = ∞ via a fit using a cubic polynomial in 1/ ln(L) gives results very close to the expected answer. We consider these results to be strong evidence for the correctness of the SFT we proposed in [22] .
Our concrete implementation of the procedure suggested in [16] actually finds families of solutions corresponding to lower dimensional branes. The solutions have gaussian profiles in the directions transverse to the brane. We find that for a D-(25 − k) brane there is a k-parameter family of solutions, with the parameters controlling the width of the lumps in different transverse directions. We believe that all these solutions are gauge equivalent. This is necessary for the identification with D-branes, since a physical Dbrane has no moduli other than its position in the transverse space. One indirect piece of evidence to this effect is that the ratios of tensions converge to the correct values for any solution in the family. Some more direct but still incomplete arguments are given in appendix C. In this context it will be interesting to explore if the width of the lump in conventional string field theory, studied in ref. [9] , changes when we use a gauge different from Siegel gauge.
Since besides the sliver state Ξ m , the identity state I m also squares to itself under the * m product, it is natural to ask why we identify the sliver and not the identity as the solution representing the D25-brane. While we do not have a concrete proof that I m cannot be the matter part of the D25-brane solution, we offer the following observations. First of all, as we have discussed, starting from the sliver state we can construct lump solutions of arbitrary co-dimension with correct ratios of tensions as expected of D-branes. If we apply the same procedure to I m , we get back I m and not a lower dimensional brane. Thus, for example, there is no obvious candidate for a 24-brane solution with tension 2π times the tension associated with the state I m , as would be expected of a D24-brane solution if I m represented the D25-brane. This clearly makes Ξ m a much stronger candidate than I m for the D25-brane solution. I m suffers from the further complication that its normalization properties are much worse than those of Ξ m . Whereas the normalization of Ξ m involves an infinite dimensional determinant which is finite at least up to any given level (although it could vanish as the level goes to infinity), the normalization of I m involves a determinant which vanishes at any finite level.
In the proposal of [22] the explicit form of the kinetic operator Q was not fixed. In fact, we discussed two classes of such operators. In the first class, exemplified by Q = c 0 , the operator does not annihilate the identity string field I. In the second class, exemplified by Q = c 0 + 1 2 (c 2 + c −2 ), the operator does annihilate the identity string field I. Both yield gauge invariant actions without physical open strings around the tachyon vacuum. A proper understanding of the ghost factor representing the D25 brane (and in fact all other D-branes, since we assume that this factor is universal) would be expected to yield some information on Q, since the ghost equation is of the form QΨ g = −Ψ g * g Ψ g . Given that the matter part of the string field for the D25-brane is the sliver state Ξ m , we expect Ψ g to be closely related to the ghost part Ξ g of the state. Since Ξ g is of ghost number zero and Ψ g must be of ghost number one we conjecture that Ψ g = CΞ g where C is a ghost number one operator built solely out of ghosts. It may turn out that both Q and C are determined by demanding the existence of a non-trivial solution to the field equation. Knowledge of C and Q would amount to a complete specification of the SFT action, and a complete knowledge of the string fields representing D-branes.
The rest of the paper is organized as follows. In section 2 we discuss the factorization properties of the field equations, and give the construction of the matter part of the D25-brane solution in the oscillator representation. We also produce numerical evidence that this solution is identical to the matter part of the sliver state constructed in ref. [10] . In section 3 we construct the lump solutions, compute the ratio of tensions of lump solutions of different dimensions numerically and show that the result is in very good agreement with the known results. We conclude in section 4 by listing some of the open questions. Appendix A contains a list of Neumann coefficients needed for our analysis. Appendix B discusses the transformation of the 3-string vertex when we go from the momentum basis to the oscillator basis. It also contains the precise relationship between our variables and those used in ref. [25] , and some properties of the Neumann coefficients which are important for our analysis. Appendix C explores the possibility that a parameter appearing in the construction of the lump solution is a gauge artifact. In appendix D we derive some properties of the sliver state.
Construction of the D25-brane solution
We begin with the string field theory action:
where Ψ is the string field represented by a state of ghost number one in the combined matter-ghost state space, g 0 is the open string coupling constant, Q is an operator made purely of ghost fields and satisfying various requirements discussed in ref. [22] , , denotes the BPZ inner product, and * denotes the usual * -product of the string fields. This action is supposed to describe the string field theory action around the tachyon vacuum. Although the action is formally background independent, for practical computation (e.g. choosing a basis in the state space for expanding Ψ) we need to use a conformal field theory (CFT), and we take this to be the CFT describing the D25-brane in flat space-time.
Factorization property of the field equations
If (2.1) really describes the string field theory around the tachyon vacuum, then the equations of motion of this field theory:
must have a space-time independent solution describing the D25-brane, and also lump solutions of all codimensions describing lower dimensional D-branes. We shall look for solutions of the form: 
and
Such a factorization is possible since Q is made purely of ghost operators. Note that we have used the freedom of rescaling Ψ g and Ψ m with λ and λ −1 to put eqs.(2.4), (2.5) in a convenient form.
In looking for the solutions describing D-branes of various dimensions we shall assume that Ψ g remains the same for all solutions, whereas Ψ m is different for different D-branes. Given two static solutions of this kind, described by Ψ m and Ψ ′ m , the ratio of the energy associated with these two solutions is obtained by taking the ratio of the actions associated with the two solutions. For a string field configuration satisfying the equation of motion (2.2), the action (2.1) is given by
Thus with the ansatz (2.3) the action takes the form:
where | g and | m denote BPZ inner products in ghost and matter sectors respectively.
is a constant factor calculated from the ghost sector which remains the same for different solutions. Thus we see that the ratio of the action associated with the two solutions is
The ghost part drops out of this calculation. The analysis in the rest of this section will focus on the construction of a spacetime independent solution to eq.(2.5) representing a D25-brane. As pointed out in the introduction, there are two ways of doing this. One method [10] gives a description of this state in terms of matter Virasoro generators and the other method [16] describes this state in terms of the oscillators of the matter fields. Since the second method can be generalized to describe lump solutions, we first describe this method in detail, and then compare this with the first description.
A solution for the D25 brane
Following ref. [25, 26, 27] we represent the star product of two states |A and |B in the matter CFT as
where the three string vertex |V 3 is given by
Here a
are non-zero mode matter oscillators acting on the r-th string state normalized so that [a
is the 26-component momentum of the r-th string, and |0,
is the tensor product of Fock vacuum of the three strings, annihilated by the non-zero mode annihilation operators a (r)µ m , and eigenstate of the momentum operator of the rth string with eigenvalue p µ (r) . |p is normalized as
The coefficients V rs mn for 0 ≤ m, n < ∞ can be calculated by standard methods [25, 27] and have been given in appendix A.
7 Some properties of V rs mn have been discussed in appendix B. Since we are interested in this section in space-time translational invariant solutions, we can ignore the momentum dependent factors in the vertex. and the relevant form of E is:
where the dots represent sums over mode numbers, and V rs mn for m, n ≥ 1 is written as the V rs matrix. For the analysis of lumps, however, we will need the full vertex. Some appreciation of the properties reviewed in Appendix B is necessary for structural reasons. Equation (B.15), in particular, gives
15)
6 Whenever we use explicit operator representations of the string product string fields will be denoted as kets or bras as appropriate. 7 In our conventions we take α ′ = 1.
where ω = e 2πi/3 , U and C are regarded as matrices with indices running over m, n ≥ 1,
and U satisfies ((B.17))
The superscripts r, s are defined mod(3), and (2.15) manifestly implements the cyclicity property
Equations (2.15) up to (2.19) are all that we shall need to know about the matter part of the relevant star product (as given in eqs. (2.9), (2.10) and (2.14)) to construct the translationally invariant solution. In fact, since (2.18), (2.19) follow from (2.15) and (2.17), these two equations are really all that is strictly needed. Such structure will reappear in the next section with matrices that also include m = 0 and n = 0 entries, and thus will guarantee the existence of a solution constructed in the same fashion as the solution to be obtained below.
We are looking for a space-time independent solution of eq.(2.5). The strategy of ref. [16] is to take a trial solution of the form:
where |0 is the SL(2,R) invariant vacuum of the matter CFT, N is a normalization factor, and S mn is an infinite dimensional matrix with indices m, n running from 1 to ∞. We shall take S to be twist invariant:
We caution the reader that although in this section and in section 3 we shall follow the general strategy described in [16] , our explicit formulae differ from theirs in several instances. 9 Due to this property the BPZ conjugate of the state |Ψ m is the same as its hermitian conjugate. Otherwise we need to keep track of extra − signs coming from the fact that the BPZ conjugate of a † m is (−1) m+1 a m .
We shall check in the end that the solution constructed below is indeed twist invariant. 22) and
then using eqs. (2.9), (2.10), (2.14) we get
In deriving eq.(2.24) we have used the general formula [16] 0| exp
In using this formula we took the a i to be the list of oscillators (a
m ) with m ≥ 1. (2.24) then follows from (2.25) by identifying P with Σ, Q with V, µ with χ and setting λ to 0.
Demanding that the exponents in the expressions for |Ψ m and |Ψ m * Ψ m , given in eqs.(2.20) and (2.24) respectively, match, we get
where we have used the cyclicity property of the V matrices and the mod 3 periodicity of the indices r and s to write the equation in a convenient form. To proceed, we assume that
We shall check later that the solution obeys these conditions. We can now write eq.(2.26) in terms of 28) and because of (2.18), (2.27) we can manipulate the equation as if T and M rs are numbers rather than infinite dimensional matrices. We first multiply (2.26) by C and write it as:
where
We then note that since the submatrices commute:
Finally, we record that 
This gives the solution for S:
We can now verify that S obtained this way satisfies equations (2.21) and (2.27). Indeed, since CS is a function of X, and since X(≡ CV 11 ) commutes with CV rs , CS also commutes with CV rs . Furthermore, since V 11 is twist invariant, so is X. It then follows that the inverse of X and any polynomial in X are twist invariant. Therefore T is twist invariant, and, as desired, S is twist invariant.
Demanding that the normalization factors in |Ψ m and |Ψ m * Ψ m match gives
where we have used eqn.(2.32) and simplified it further using (2.33). Thus the solution is given by
This is the matter part of the state found in ref. [16] (referred to as |T m in the introduction) after suitable correction to the normalization factor. From eq.(2.7) we see that the value of the action associated with this solution has the form:
By evaluating the matrix element using eq.(2.25), and using the normalization:
where V (26) is the volume of the 26-dimensional space-time, we get the value of the action to be
(2.39) In arriving at the right hand side of eq.(2.39) we have made use of eqs.(2.34) and (2.35). Thus the tension of the D25-brane is given by
Identification with the sliver state
In [10] a family of surface states was constructed corresponding to once punctured disks with a special kind of local coordinates. They were called wedge states because the halfdisk representing the local coordinates could be viewed as a wedge of the full unit disk. The puncture was on the boundary and the wedge has an angle 360
• /n at the origin, where n is an integer. A complete description of the state |n is provided by the fact that for any state |φ ,
where f n • φ(z) denotes the conformal transform of φ(z) by the map
In the n → ∞ limit this reduces to
11 For brevity, we have modified the notation of [10] . The states |
360
• n are now simply called |n . Also we have included an extra scaling by n/2 in the definition (2.42) of the conformal map f n compared to ref. [10] . This does not affect the definition of |n due to SL(2,R) invariance of the correlation functions. Table 1 : Numerical results for the elements of the matrix S. We compute S by restricting the indices m, n of V 11 mn and C mn to be ≤ L so that V 11 and C are L×L matrices, and then using eq.(2.34). The last row shows the interpolation of the various results to L = ∞, obtained via a fitting function of the form
It was found in [10] that the states |n can be written in terms of the full Virasoro operators as:
(2.44) For n = 1 the state reduces to the identity string field: |n = 1 = |I . For n = 2 we get the vacuum: |n = 2 = |0 . For n → ∞, which corresponds to a vanishingly thin wedge state, and will be called the sliver state |Ξ , we find a smooth limit
It was also shown in [10] that
Thus the state |Ξ has the property that |n * |Ξ = |Ξ for any n ≥ 1. In particular, |Ξ squares to itself. Some properties of this state have been discussed in appendix D.
Given the split L = L m + L g of the Virasoro operators into commuting Virasoro subalgebras, the state |Ξ can be written in factorized form: an exponential of matter Virasoros, and an identical exponential of ghost Virasoros:
In particular, it follows from (2.45) that
where N is a normalization factor to be fixed shortly. The property |Ξ * |Ξ = |Ξ implies that
where the constant λ could possibly be vanishingly small or infinite. We shall choose N such that λ N 52 = 1, so that |Ξ m squares to itself. In order to show that this sliver state is the matter state identified in the previous subsection for the D25-brane, we must compare (2.48) with 
where,
denotes a contour integration around the origin. As required by twist invariance, S mn vanishes when m + n is odd. Explicit computations give: The errors are of the order of 3%. Once S mn and S mn agree, the normalization factors must agree as well, since both states square to themselves under * m -product. This is convincing evidence that the matter part of the state representing the D25-brane solution is identical to the matter part |Ξ m of the sliver state up to an overall normalization.
Construction of the lump solutions
In this section we shall discuss the construction of lump solutions of eq.(2.5) representing lower dimensional D-branes. We are able to give these solutions in closed form and to express the ratio of tensions of branes of different dimensions in terms of determinants of infinite dimensional matrices. Numerical calculation of these ratios in the level expansion gives remarkable agreement with the expected values.
Lump solutions and their tensions
We begin by noting that the solution (2.36) representing the D25 brane has the form of a product over 26 factors, each involving the oscillators associated with a given direction. This suggests that in order to construct a solution of codimension k representing a D-(25 − k)-brane, we need to replace k of the factors associated with directions transverse to the D-brane by a different set of solutions, but the factors associated with directions tangential to the D-brane remains the same. (This is precisely what happens in the case of p-adic string theory [29, 30, 31] , background independent open string field theory [32, 33, 34, 35, 36, 37, 38, 39, 40] , as well as non-commutative solitons [41, 42, 43] .) A procedure for constructing such space(-time) dependent solutions was given in ref. [16] . Suppose we are interested in a D-(25 − k) brane solution. Let us denote by xμ (0 ≤ µ ≤ (25 − k)) the directions tangential to the brane and by x α ((26 − k) ≤ α ≤ 25) the directions transverse to the brane. We now use the representation of the vertex in the zero mode oscillator basis for the directions x α , as given in appendix B. For this we define, for each string,
where b is an arbitrary constant, andx α andp α are the zero mode coordinate and momentum operators associated with the direction x α . We also denote by |Ω b the normalized state which is annihilated by all the annihilation operators a α 0 , and by |Ω b 123 the direct product of the vacuum |Ω b for each of the three strings. As shown in appendix B (eq.(B.6)), the vertex |V 3 defined in eq.(2.10) can be rewritten in this new basis as:
In this expression the sums overμ,ν run from 0 to (25 − k), and sum over α runs from (26 − k) to 25. Note that in the last line the sums over m, n run over 0, 
where we have dropped the explicit b dependence from the notation, C ′ mn = (−1) m δ mn with indices m, n now running from 0 to ∞, and U ′ ,Ū ′ ≡ U ′ * viewed as matrices with m, n ≥ 0 satisfy the relations:
We note now the complete analogy with equations (2.15) and (2.17) [16] . It follows also that the V ′ matrices, together with C ′ will satisfy equations exactly analogous to (2.18), (2.19). Thus we can construct a solution of the equations of motion (2.5) in an identical manner with the unprimed quantities replaced by the primed quantities. Taking into account the extra normalization factor appearing in the last line of eq.(3.2), we get the following form of the solution of eq.(2.5):
Using eq.(2.7) we can calculate the value of the action associated with this solution. It is given by an equation analogous to (2.39):
for (2π) Table 2 : Numerical results for the ratio
. The first column shows the level up to which we calculate the matrices V 
This gives the tension of the D-(25 − k)-brane to be
Clearly for k = 0 this agrees with (2.40). From eq.(3.9) we get
This ratio can be calculated if we restrict m, n to be below a given level L, so that For larger values of L the ratio is calculated numerically. The results of the numerical analysis are given in table 2. As seen from this table, the ratio T k /(2πT k−1 ) approaches 1 as L → ∞ for all b. This is exactly what is expected if the lump solutions discussed here describe lower dimensional D-branes. It is also seen from the table that T 25 /K extrapolated to L = ∞ gives a negative number. We take this as an evidence that it approaches 0 as L → ∞. This indicates that the matter component |Ψ m of the string field has zero norm. We expect that this will be compensated by the ghost sector contribution K, so that the contribution to the action from the full string field approaches a finite limit as we take the level of approximation L to ∞. 
b-dependence of the solution
The analysis of the last section generates a one-parameter family of lump solutions characterized by the parameter b.
12 Thus we are now faced with an embarrassment of riches, − for these solutions to have the interpretation as D-branes there should be a unique solution (up the possibility of translating the solution in the transverse direction) and not a family of solutions. There are two possibilities that come to mind. 
2. Even after rewriting the solution in the momentum basis it is b-dependent, but the solutions for different values of b are related to each other by gauge transformation.
We shall begin by exploring the first possibility. In order to get basis independent information about the lump solution, we can calculate its inner product with states in the momentum basis. Let us, for example, consider the inner product {p α }|Ψ ′ m . Using eqs.(B.5), (3.5) and (2.25) we get
The numerical results for the values of S gauge transformation parameter |Λ to be of the form |Λ g ⊗ |Λ m , then, under a gauge transformation
Now suppose |Λ g is such that
In that case (3.14) can be written as
Thus effectively the gauge transformation induces a transformation on the matter part of the solution without any transformation on the ghost sector. It is our guess that solutions with different values of b are related by gauge transformations of this kind. Although we do not have a complete proof of this, a partial analysis of this problem has been carried out in appendix C. If this is indeed true, then this will imply that the width of the solution in the position space, given by b/2 + bS
, is a gauge dependent quantity. Without having detailed knowledge of the operator Q we cannot know whether there is some ghost number zero state |Λ g in the ghost sector satisfying eq.(3.15). Note however that if Q annihilates the identity |I of the * product then taking |Λ g = |I g , where |I g denotes the component of |I in the ghost sector, automatically satisfies eq.(3.15). On the other hand since eq.(3.15) needs to be satisfied only for a special |Ψ g which represents D-brane solutions, there may be other |Λ g satisfying these equation.
Note that even if we did not discover the existence of multiple solutions labeled by different values of b, we would still have an embarrassment of riches if there were no |Λ g satisfying eq. (3.15) . This is due to the fact that given any solution of eq.(2.5), we can generate other solutions by deforming |Ψ m as follows:
In order to make sense of these solutions, we must show that when we combine them with |Ψ g to construct solutions of the full string field theory equations of motion, they are related by gauge transformations. The postulate of existence of a |Λ g satisfying eq.(3.15) makes this possible.
Open questions
Clearly many questions remain unanswered. In this concluding section we shall try to make a list of questions which we hope will be answered in the near future.
1. The most pressing question at this time seems to be understanding the ghost sector of the solution. We expect that a proper analysis of the ghost sector will not only lead to the solution, but will also fix uniquely (up to the field redefinition ambiguity) the form of the kinetic operator Q. Since the matter part of the D25-brane solution is given by the matter part Ξ m of the sliver state, our guess is that the full solution is given by a ghost number one operator built purely out of ghosts acting on the full sliver state Ξ.
2. For the D-branes of dimension < 25, we have found families of candidate solutions labeled by the parameter b. Since a physical D-brane does not admit continuous deformations other than the translational motion transverse to the brane, we need to show that these additional deformations are gauge artifacts. We have given some arguments to this effect in appendix C, but a complete proof is lacking.
3. Although we have shown that the ratios of tensions of our solutions agree very well with the expected answer, in order to establish conclusively that these solutions describe D-branes, we need to analyze the fluctuations of the string field around these solutions and show that the spectrum and interaction of these fluctuations agree with those of conventional open strings living on the D-brane. Clearly, the knowledge of Q is crucial for this study.
4. Although the matter parts of our solutions are given in analytic form, calculation of the ratios of tensions of these solutions, involving computation of determinants of infinite dimensional matrices, was done numerically. It will be nice to have an analytic expression for this ratio.
5. If our solution really describes D-branes, then we expect that there should be static multiple lump solutions representing multiple D-branes. One should be able to construct such solutions in our string field theory. It is natural to assume that these multi-lump solutions will also have factorized form, with the ghost part being described by the same universal state as the single lump solutions. Thus this analysis can be carried out without a detailed knowledge of Q.
6. The procedure that we have followed to construct lower dimensional branes from the D25 brane solution bears a suggestive formal similarity with the solution generating techniques which have appeared recently in studies of non-commutative solitons and have been conjectured to be relevant to string field theory [41, 44, 45] . In that context, new space-time dependent solutions are obtained by acting on a translational invariant solution with "non-unitary isometries", like the "shift operator" in an infinite dimensional Hilbert space. The construction of the matrix T ′ from T is quite reminiscent of some sort of shift operation. It would be interesting to investigate this connection precisely.
A The coefficients V rs mn
In this appendix we give the coefficients V rs mn introduced in the text. These results are taken from refs. [25, 26] . First we define the coefficients A n and B n for n ≥ 0 through the relations:
(A.1) In terms of A n and B n we define the coefficients N r,±s mn as follows:
The coefficients V [26] . In writing down the expressions for V rs 0n and V rr 00 we have taken into account the fact that we are using α ′ = 1 convention, as opposed to the α ′ = 1/2 convention used in refs. [25, 26] .
Finally we would like to point out that our convention for |A * m B , defined through eq.(2.9), differs from that in refs. [25, 26] . In particular, with the values of V rs mn give in eq.(A.3), our |A * m B would correspond to |B * m A in ref. [25] . Since the string field equation of motion involves |Ψ * Ψ , it is not affected by this difference in convention. However, if we want our convention for |A * m B to agree with that of ref.
[25], we should replace V rs by V sr everywhere in eqs.(A.3).
B Conversion from momentum to oscillator basis
We start with the three string vertex in the matter sector as given in section (2.2):
Note that using the freedom of redefining V rs 00 using momentum conservation, we have chosen V 
In the above equation {p α } label momentum eigenvalues. Substituting eq.(B.5) into eq.(B.1), and integrating over p α (i) , we can express the three string vertex as (B.7)
In deriving the above relations we have used eq.(B.3). These relations can be readily inverted to find
.
(B.8)
We shall now describe how our variables V rs mn and V ′rs mn are related to the variables introduced in ref. [25] . For this we begin by comparing the variables in the oscillator representation. Since ref. [25] uses the α ′ = 1/2 convention rather than the α ′ = 1 convention used here, every factor of p (x) in [25] should be multiplied (divided) by √ 2α ′ , and then α 
, which corresponds to our (B.4) for b = 2. Thus, we can directly compare our variables with those of [25] for the case b = 2.
Ref. [25] introduced a matrix U which appears, for example, in their eq.(2.47). We shall denote this matrix by U gj . This matrix appears in the construction of the vertex in the oscillator basis ( [25] , eqn.(2.52) and (2.53)). This implies that the V ′ coefficients for b = 2 can be expressed in terms of U gj using their results. In particular, defining V ′rs to be the matrices V ′rs mn with m, n now running from 0 to ∞, we have (see [25] , eqn.(2.53)):
where ω = exp(2πi/3), C ′ mn = (−1) m δ mn with m, n ≥ 0, and the matrix U gj satisfies the relations (eq.(2.51) of [25] ): Similarly, the second equation in (B.8) gives:
Making use of (B.9) andŪ gj 0n = (U gj 0n ) * we find that we can write, for n ≥ 1: By virtue of this relation, and the identities in (B.10) we have that the matrix U satisfies
It follows from (B.10) and (B.14) that W n satisfies the relations: we can show that
where These give a set of linear equations for Λ mn . In order to show that the change in b corresponds to a gauge transformation, we need to show the existence of Λ mn satisfying these equations. Although we do not have a proof of this, the fact that δ|Ψ ′ given in eq.(C.5) satisfies the various consistency relations (e.g. |Ψ ′ * δΨ ′ + |δΨ ′ * Ψ ′ = 0, which follows from the fact that |Ψ ′ + δ|Ψ ′ satisfies eq.(2.5)) gives us hope that the solutions to these equations do exist.
D Conservation laws for the sliver
In this section we derive conservation laws obeyed by the sliver state, following the methods of [10] . The surface state Ξ| is defined by the conformal map z = tan −1 (z) → dz dz = 1 1 + z 2 , S(z, z) = − 2 (1 + z 2 ) 2 .
(D.1)
Herez is the global coordinate on the once punctured upper half plane Im (z) > 0 with the punture atz = 0, and z is the local coordinate around the puncture. S(z, z) denotes the standard Schwartzian derivative.
To obtain Virasoro conservations laws, we consider a globally defined vector fieldṽ(z), holomorphic everywhere except for a possible pole at the puncturez = 0. The standard contour deformation argument then gives [10] Ξ| dz v(z) T (z) − c 12
where contour integration is around the origin, and v(z) =ṽ(z)
. Takingṽ(z) =z p (with p ≤ 2 so that there is no pole atz = ∞), we get
We can write explicitly the first few conservation laws: 
